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Renal micropuncture study of normotensive and Milan hyper-
tensive rats before and after development of hypertension. Earlier
studies of renal transplantation and of sodium metabolism indi-
cated that the cause of high blood pressure in the Milan strain of
genetically hypertensive rats (MHS) was altered renal function. To
pinpoint the active factors, we used micropuncture to study sev-
eral indices of renal function in normal (NR) and MHS rats at three
different ages: A) 26 to 30 days, before development of hyperten-
sion (pre-MUS); B) 35 to 40 days; and C) 75 to 90 days, after the
development of hypertension. The indices studied and the impor-
tant differences found between the two strains were: I) Single
nephron filtration rate (SNFR) and late proximal tubular fluid
delivery to the distal nephron (LPF). In group A, the pre-MHS rats
had significantly lower values than did the NR (SNFR = 6.3 0.8
nllmin[MHS] vs. 8.3 l.2[NR], P <0.01; LPF =3.14 0.25 nI/
mm [MHSJ vs. 4.1 0.35 [NR], P <0.05). In group C, the values
in the MHS rats were significantly higher than those of the NR
(SNFR = 17.3 1.4 nI/mm [MHS] vs. 12.1 0.8[NRI, P <0.05;
LPF = 7.4 0.5 nI/mm [MHS] vs. 5.3 0.3 [NR], P <0.01). 2)
Number of glomeruli. In group C only, the MHS rats had signifi-
cantly fewer than did the NR rats (MHS = 55,253 2,821 vs. NR
= 64,527 2,900, P <0.05). 3) Glomerular filtration rate (GFR)
and SNFR as a function of the mean blood pressure (MAP). In
group A, the GFR of the MHS rats was lower than that of the NR
rats (GFR = 0.38 0.03mI/mm 100 g of body wt [MHS], 0.50
0.03 INRI P < 0.05). In group C, there was no longer any
significant difference. At equal MAP, SNFR was equal in all the
groups, except group A, where SNFR was significantly lower in
MHS. 4) Pressure differences: Glomerular capillary pressure
(GP). GP was significantly higher in MHS rats than in NR rats
(group A, + 5.2mm Hg; group C, + 6.7 mm Hg). In the pre-MHS
rats, anesthesia significantly increased (P < 0.001) the blood
pressure difference between the two strains. This effect was not
seen in the adult MHS rats. This may increase the differences in
GP between pre-MHS and NR. 5) Afferent effective filtration
pressure (EFPA). EFPA values were also higher in MHS rats (+ 2.9
mm Hg in group A, + 6.8 mm Hg in group C), but once again the
effects of anesthesia probably account for the differences in magni-
tude seen between pre-MHS and NR. Only 22% of the absolute
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differences in systemic arterial pressure in the adult MHS and NR
rats was transmitted to the glomerular capillary, while 33% of the
difference was transmitted in the younger rats. These values sug-
gest a reduced glomerular hydraulic conductivity, even though
other explanations could not be excluded, and they are consistent
with the hypothesis that the primary cause of development of
hypertension in the MHS rats may be a decrease in SNFR.
Etude par mieroponction de rats normotensil et de rats hyper-
tendus de Ia souche Milan, avant et apres développement de
l'hypertension. Des travaux antérieurs de transplantation rénale et
de métabolisme du sodium ont indique que la cause de
l'hypertension artérielle génétiquement transmise dans Ia souche
Milan est une alteration de Ia fonction rénale. Afin de repérer les
facteurs determinants nous avons utilisé les microponctions pour
étudier divers elements de Ia fonction rénale chez les rats normaux
(NR) et MHS a trois stades différents: A) a 26—30 jours, avant le
développement de l'hypertension (pre-MHS); B) a 35—4ojours; et
C) a 75—90 jours, aprés Ic dCveloppement de l'hypertension. Les
variables étudiées et les differences les plus importantes trouvées
entre les deux souches ont été: 1) La filtration glomérulaire des
néphrons individuels (SNFR) et Ia quantité de liquide tubulaire
délivrée au néphron distal (LPF). Dans le groupe A, les rats pré-
MHS ont des valeurs significativement inférieures a celles des
normaux (SNFR, 6,3 0,8 nl/min[MHS] vs. 8,3 1,2{NR], P <
0,01; LPF, 3,14 0,25 nI/mm [MHS] vs. 4,1 0,35 [NR], P <
0,05). Dans le groupe C, les valeurs des rats MHS sont significa-
tivement superieures a celles des NR (SNFR: 17,3 1,4 [MHS]
vs. 12,1 0,8 [NR], P < 0,05; LFP, 7,4 0,5 [MHS] vs. 5, 3
0,3 [NR], P <0,01). 2) Le nombre de glomérules. Dans Ic groupe
C seulement les rats MHS en ont un nombre significativement
infCrieur a celui des rats NR (MHS: 55,253 2,821, NR: 64,527
2,900,P <0,05). 3) Le debit defiltration glomérulaire (GFR) et Ia
filtration glomerulaire des néphrons individuels en fonction de la
pression artérielle moyenne (MAP). Dans le groupe A, GFR est
inférieur chez les rats MHS a ce qu'il est chez les rats NR (GFR,
0,38 0,03 mI/mm 100 g body wt [MHS] vs. 0,50 0,03 [NR],
P < 0,05). Le groupe C ne diffère pas significativement. A MAP
égale, SNFR est le même dans tous les groupes sauf A, 06 SNFR
est significativement plus bas chez les rats MHS. 4) Les differ-
ences de pression: La pression capillaire glomerulaire (GP). GP
est significativement supérieure chez les rats MHS par comparai-
son avec les rats NR (groupe A: +5,2mm Hg, groupe C: +6,7mm
Hg). Chez les rats pré-MH5 l'anesthésie augmente significative-
ment (P <0,001) Ia difference de pression artérielle entre les deux
souches. Cet effet n'a pas eté observe chez les rats MHS adultes.
Ceci peut augmenter les differences de GP entre rats pré-MHS et
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NR. 5) La pression defiltration effective dans lartériole afférente
(EFPA). Les valeurs de EFPA sont egalement supérieures chez les
rats MHS (+2.9 mm Hg pour le groupe A; + 6.8 mm Hg pour le
groupe C), mais encore une fois, les effets de l'anesthésie rendent
probablement compte des differences entre rats pré-MHS et NR.
22% seulement de Ia difference absolue de pression artérielle
systémique chez les rats adultes MHS et NR sont transmis au
capillaire glomérulaire, alors que 33% de cette difference le sont
chez les jeunes rats. Ces résultats suggèrent une reduction de la
conductivité hydraulique glomerulaire, bien que d'autres explica-
tions ne puissent être exclues. et sont en accord avec I'hypothès
que la cause primaire du développement de l'hypertension chez les
rats MHS peut être une reduction de SNFR.
Whether changes in kidney function seen in "es-
sential" hypertension are primary or secondary to
high blood pressure is still open to question, since
high pressure per se may alter kidney function.
Spontaneously or genetically hypertensive rats, at
present the best available animal models for "essen-
tial" hypertension, may offer the opportunity to
study this question.
Starting from a single Wistar colony in 1964 [1, 2],
we isolated two strains of rats: one with normal
blood pressure (NR) and the other with high blood
pressure (MHS). The kidney of adult MHS, though
"normal" from functional and morphologic view-
points, is involved in producing and maintaining the
hypertension, since kidney transplantation experi-
ments between the two strains demonstrated that
hypertension could be "transplanted" with the kid-
ney [3—51. Therefore, these strains are particularly
useful for studying hereditary factors that produce a
"hereditary" or "essential" type of hypertension by
acting through some modification of renal function
(or structure), which so far is completely unknown.
In addition to the data for kidney transplantation,
other findings are consistent with a renal origin of
hypertension in MHS: 1) Metabolic studies have
shown that during the development of the blood
pressure difference between MHS and NR, the MHS
rats retain a significantly greater amount of ingested
sodium due to lower urinary excretion [6]. 2) The
glomerular filtration rate of young pre-hypertensive
MHS is significantly lower than that of young NR.
This difference disappears in adults rats [7]. To ex-
plain these findings, we postulated that the lower
GFR in MHS is, on one hand, the cause of fluid and
sodium retention and, hence, hypertension and, on
the other, is the cause of the reduced delivery to the
distal nephrons, with the consequent differences be-
tween MHS and NR in plasma renin and water turn-
over [6—8]. All these differences are then corrected
or compensated by the subsequent development of
hypertension in MHS. The objective of the present
work was to test this hypothesis by directly measur-
ing the factors involved, using micropuncture meth-
odology. The following factors were measured in
MHS and NR before and after the development of
hypertension in MHS: single nephron filtration rate
(SNFR), proximal tubular reabsorption, fluid deliv-
ery to the distal nephron, hydrostatic pressures in
the proximal tubule during free-flow and stop-flow
conditions (to evaluate glomerular capillary pres-
sure), and in the end-efferent arteriole at the star
formation. Since the hypothesis predicts a defect in
sodium and water excretion in MHS, and since inter-
esting differences between the two strains were ob-
served with regard to the renal response to a saline
load [81, the modifications of GFR, SNFR, and late
proximal flow after a saline load were also studied.
Methods
Animals. Studies were carried out in male MHS
and NR which had been matched for body weight
and age. On the day prior to the experiment, systolic
blood pressure (SBP) was measured at the tail [9].
Animals had free access to food and water until the
morning of the experiment. The standard rat chow
provided contained approximately 0.25 mEq of so-
dium per gram of chow. Average sodium intake on
this diet was equal for the two strains, ranging be-
tween 2 and 2.5 mEq/day/lOO g of body wt. All
animals were weaned at 23 to 25 days of age. Be-
cause of technical reasons, SNFR and hydrostatic
pressures were measured in two separate sets of
experiments. A saline load was given only in the
SNFR experiments. Three groups of rats were stud-
ied in each set of experiments. Group A: 26 to 30-
day-old rats. During this time period, no difference
in SBP is usually seen between the two strains. MHS
in this group are termed pre-hypertensive. Group B:
35 to 40-day-old rats. At this age a slight but statisti-
cally significant difference in SBP between the two
strains is usually detected. Group C: 75 to 90-day-old
rats. During this period, the greatest difference in
SBP between the two strains usually is seen.
Surgical preparation. Rats were anesthetized with
a solution containing 110 mg of urethane and 7 mg of
sodium pentobarbital per ml. The initial dose, given
i.p., was 0.45 ml/100 g of body wt. Small additional
doses of the same mixture were given i.v. during the
experiment as needed. Our choice of anesthetic for
these experiments was based on the need to achieve
proper surgical levels of anesthesia while maintaining
arterial pressures which were similar to those mea-
sured in conscious rats of the two strains. Pentobar-
bital was given to only three rats and then rejected
because it raised the blood pressure of adult NR
enough so that they could not be distinguished from
MHS. mactin® was also tried and rejected because
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surgical levels of anesthesia could not be achieved in
either strain when used at the dosage most frequently
cited for Wistar rats, 9 to 12 mg/l00 g of body wt.
This problem is not unique to our strains [10]. Dos-
ages of mactin adequate to produce surgical level
anesthesia, 15 to 18 mg1100 g of body wt, caused
marked lowering of blood pressure, sufficient to
compromise renal function and render the two
strains again indistinguishable on basis of blood pres-
sure. Somewhat similar problems were reported by
Simpson till], who found that a combination of so-
dium pentobarbitone (20 mg/kg, i.p.) and urethane
(500 mg/kg, i.p.) produced satisfactory anesthetic
levels while maintaining blood pressure levels in nor-
motensive and genetically hypertensive (SHR) rats.
We found a similar dosage to be fairly satisfactory
from this viewpoint in NR and MHS, although NR
blood pressures were slightly lower than in awake
animals.
Catheters (PE-lO in groups A and B, PE-50 in
group C) were placed in the right jugular vein for
infusion and in the left carotid artery for blood sam-
pling and measurement of mean blood pressure
(MBP), and the animal was tracheotomized. mutest®
(Boehringer, Milano) was infused as a marker of
glomerular filtration rate: using a solution containing
80 mg of Inutestlml, 0.4 ml/100 g of body wt was
given as a priming dose, followed by 0.6 mllhr/100 g
of body wt to maintain plasma concentrations at
approximately 1 mg/ml. An equilibration period of
one hour was allowed prior to sampling. Animals
were placed on a thermostatically controlled table to
maintain body temperature at 37 to 38° C.
Preparation for SNFR measurements. The left
kidney was exposed through a flank incision and
carefully freed of perirenal fat attachments, leaving
the true renal capsule intact. After placing a catheter
(PE-50 in group C, PE-50 with the tip tapered by
drawing over heat in groups A and B) in the ureter
for urine collection, the kidney was placed on a
plexiglass support, care being taken to avoid stretch-
ing or twisting the renal pedicle. The surface of the
kidney was continuously bathed with mineral oil
heated to 37.5° C. MBP was measured continuously
during the experiment with an arterial pressure trans-
ducer (Hewlett-Packard, model l280B) connected to
a recorder (Hewlett-Packard, model 7702B). The
surface of the kidney was illuminated with a fiber-
optic system (Intralux, model 500-H, Zurich) and
observed with the aid of a binocular light microscope
(American Optical).
Following the one-hour equilibration period, a sin-
gle, timed sample of urine was collected for 45 to 60
mm. At the approximate midpoint of the urine sam-
ple, a 70-gil sample of blood was taken for determina-
tion of hematocrit and plasma mutest concentration.
Sharpened glass micropipets, tip diameters ranging
from 8 to 12 j., were filled with mineral oil stained
with Sudan black and connected via a holder to a
syringe and mounted on a Leitz micromanipulator.
Late proximal tubular segments were identified by
injection of a small droplet of oil into a tubular lumen
near a vascular star formation. If the droplet was
swept rapidly away and did not reappear on the
kidney surface, this was taken to indicate that the
segment was a late one. Late segments so identified
were then blocked by injecting oil to form a column
of a length equal to four to six tubular diameters. The
column was allowed to drift to a point just distal to
the sampling pipet, and a timed (three to seven min-
utes) sample of tubular fluid was taken. Timing of the
sample was begun as soon as the oil block had been
placed. The time elapsing between placement of the
block and initiation of tubular fluid sampling was
always less than one tenth of total sampling time.
Moderate suction was used to overcome initial pipet
resistance and applied intermittently throughout
sampling as needed to maintain the oil block posi-
tion, insure constant sampling rate, and prevent tu-
bular distension. A tubular fluid sample was consid-
ered valid only if MBP remained constant for the
duration of the sample, the oil block remained in a
fixed position distal to the pipet, fluid entered the
pipet continuously after sampling was initiated, and
tubular diameter appeared to remain constant. A
total of four to six late and one to three early proxi-
mal samples were collected from each rat during the
period of urine collection.
After completion of sampling under basal condi-
tions, rats were infused with 0.9% saline over a five-
minute period to produce a volume expansion calcu-
lated to equal 10% of the extracellular fluid volume
previously measured [61. In groups A and B, the
total volume infused was 4.2 mlIlOO g of body wt; in
group C, 3.4 mIJlOO g of body wt. A sustaining
infusion of 0.9% saline containing 20 mg of Inutestl
ml was then given in place of the original mutest
solution at a rate of 3 ml/hr/100 g of body wt to
maintain plasma Inutest concentrations and to re-
place urinary losses. Immediately after initial expan-
sion was completed, a 40-mm urine sample was
taken without micropuncture or blood sampling. Fol-
lowing this, a 35-mm urine sample was collected,
with plasma sampling at the mid-point, and micro-
puncture sampling of late proximal tubules was re-
peated during this period. Tubules sampled in this
phase were not the same as the ones sampled under
basal conditions. Pipets used in this phase had
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slightly larger tip diameters than those used in the
hydropenic phase.
Preparation for micropressure measurements.
The preparation described above was modified as
follows: the kidney holder was designed in such a
fashion that a small pool of physiologic saline was
held on that portion of the kidney surface to be
studied. The entire kidney surface remained moist,
but leakage from the saline pooi did not spill into the
abdomen. The physiologic saline flowing into the
kidney was heated to 37.5° C prior to arrival in the
small surface pool.
An infrared emittor with a concave mirror was
positioned so that rays were focused on the saline
pool without heating the rat. Through trial and error,
a distance and focus were found which held pool
temperature within the range of 36.5 to 38° C. To
measure pressures within the various vessels and
tubules, we utilized a servo-null device (Instrumen-
tation for Physiology and Medicine, San Diego) con-
nected to a Hewlett-Packard pressure transducer and
recorder, also used to monitor mean arterial blood
pressure. Pressure-measuring systems were periodi-
cally calibrated against a mercury manometer and
were found to remain stable. Sharpened, siiconized
glass micropipets with tip diameters of 3 to 5i,filled
with a two-molar sodium chloride solution colored
with lissamine green, were used to puncture tubules
and capillaries and to determine their pressures. The
tip of the pipet was submerged in the physiologic
saline pool on the kidney surface to establish a zero-
pressure balance. A capillary or tubule was punc-
tured, and the tip of the pipet was centered, free from
contact with any vessel wall. After simultaneous
determination of mean arterial blood pressure and
pressure within the tubule or capillary, the pipet was
withdrawn. A micropressure measurement was con-
sidered valid only if the pressure remained stable
during the 10 to 30-sec observation period and re-
turned to zero when the pipet had been withdrawn.
In random sequence, pressures were measured in
proximal tubules under free-flow and stop-flow con-
ditions and in end-efferent arterioles at the star for-
mation. Free-flow pressures were determined in
proximal tubules in proximity to star formations
without attempting to differentiate between early and
late portions.
To determine stop-flow proximal tubular pres-
sures, tubules were blocked by filling with nigrosin-
stained castor oil, injected through a second micro-
pipet (tip diameter, 8 to 10 4. Proximal tubular
stop-flow pressure was defined as the pressure mea-
sured in the earliest segment of the tubule accessible
to the kidney surface. This was determined by pro-
gressively injecting the oil block in retrograde fash-
ion and measuring the pressure proximal to the block
in consecutively earlier portions [12]. These pres-
sure values were considered valid only if MBP re-
mained constant just before, during, and immedi-
ately after the micropressure measurements. End-
efferent arterioles, also referred to as the star forma-
tion, were identified by their characteristic appear-
ance, by their location at the confluence of several
proximal tubules, and by observing that dye injected
from the pressure pipet after completion of the pres-
sure measurement flowed into a large vascular net-
work on the kidney surface without leakage from the
site of puncture or into adjacent tubules. Pipet posi-
tion was verified by dye injection after all pressure
measurements had been taken. In all rats included in
this study, pressure was determined in five to eight
proximal tubules under free-flow, in three to five
proximal tubules during stop-flow, and in three to
five star formations. Mean pressure values for each
rat were calculated from these measurements, and
these mean values were used in subsequent
calculations.
A single, timed urine sample was collected during
the 40 to 60 mm required to complete micropressure
measurements, and a '70-pd blood sample was taken
from the carotid catheter at the approximate mid-
time of urine sampling for determination of hemato-
crit, urine, and plasma mutest concentration, and
plasma protein concentration.
At the termination of the experiment, the kidney
was removed for glomerular counting.
Organ weights and glomeralar counting. At the
termination of the experiment, 0.1 ml of India ink
was injected into the carotid artery catheter. Rats
were killed by i.v. injection of an air embolus; both
kidneys were removed, stripped of the capsules, and
weighed after blotting dry. The heart was removed
and divided into left and right ventricles, which were
blotted and weighed separately. Kidneys were ma-
cerated separately in 10 ml of 18.5% hydrochloric
acid at 37° C for two hours, then shaken until no large
pieces remained. After dilution with 0.9% saline to
200 ml, three one-milliliter aliquots were placed in a
plastic dish, and glomeruli were counted under a
binocular microscope at a magnification of about
x40 [13].
Analytical methods. Urine was collected in pre-
weighed tubes, and the volume collected was deter-
mined by weighing, without correction for density.
Plasma protein was removed by precipitation with
trichloracetic acid, and the concentration of mutest
in plasma and urine was determined by fluorometric
(Aminco Fluoro-Colorimeter) analysis after incuba-
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tion at 1000 C with phosphoric acid and dimedon.
mutest standards for urine were prepared in isotonic
saline; plasma standards were prepared using plasma
taken from adult MHS and NR. No difference was
seen in plasma values for the two strains. The con-
centration of sodium in plasma and urine was deter-
mined by flame photometry (Instrumentation Labo-
ratory, model 243).
Volumes of tubular fluid samples were calculated
from the measured diameter of the sample placed in
silicon oil contained in a dish with a Teflon-film base
[14]. Concentration of mutest in tubular fluid was
determined by a microadaptation of the fluorometric
method [151. Plasma protein concentration was de-
termined by the Biuret method, after modifying the
total protein kit method of Boehringer, Milano, to be
able to perform the determination in 10 p1 of plasma.
Calculation and statistical analysis. Standard for-
mulae were used to calculate whole-kidney GFR and
single nephron glomerular filtration rate (SNFR). In
addition, average nephron filtration rate was calcu-
lated by dividing the whole kidney GFR by the num-
ber of glomeruli (GFRING). Proximal tubular stop-
flow pressure plus glomerular capillary plasma on-
cotic pressure (ra) was considered to equal glomeru-
lar capillary hydrostatic pressure (GP). This estima-
tion, first suggested by Wirtz [161 and widely used
thereafter, involves the following three assumptions:
First, at equilibration stop-flow pressure, filtration in
the blocked nephron has ceased entirely. Second,
cessation of filtration per se, if glomerular capillary
blood flow remains unchanged, does not alter GP.
Third, stopping fluid delivery to the distal portions of
the nephron does not trigger reflex readjustments of
renal vascular resistance and GP. Each of these
assumptions has been criticized and may be invalid.
However, recent studies in rats with surface glomer-
uli accessible to micropuncture have shown that gb-
merular pressure determined simultaneously by di-
rect micropuncture measurement and by stop-flow
estimation give similar results [17]. In addition,
blockade of proximal tubular flow by oil injection
was shown not to alter the GP value found by direct
measurement Ji 18]. Plasma colloid oncotic pressure
(lTa) was calculated from plasma protein concentra-
tion (Sa) using the Landis and Pappenheimer [19]
formula: lTa = 2.1 Sa + 0.16 S + 0.009 S. Afferent
effective filtration pressure (EFPA) was calculated
from the expression EFPA = GP — (PTP + Ta). This
method of calculating EFPA cancels out a since (in
this way) EFPA is simply PSF — PTP.
Estimation of the true mean glomerular capillary
effective filtration pressure and of the true filtration
coefficient can be made only if efferent arteriolar lTa
is measured simultaneously with glomerular capil-
lary hydrostatic pressure and during filtration dis-
equilibration [20]. These conditions were not met in
the present experiments; thus, no precise informa-
tion on filtration coefficient was obtained. Statistical
significance of differences in mean values for MHS
and NR within the three groups was determined by
Student's t test. Micropuncture data were analyzed
both as single values and as mean values for each rat.
Unless otherwise indicated, values shown in Figures
are calculated from mean values per rat. All values
are expressed in text, Figures, and Tables as mean
SEM. Where indicated, covariance analysis and 2 x 2
factorial analysis [211 were also used to correct for
inhomogeneity of data using indicator variables [22].
Results
SNFR experiments. Table I gives the values of
systolic blood pressures (SBP) measured prior to the
experiment; the weight of heart, left ventricle, and
Table 1. Comparison of body weights, organ weights, number of glomeruli, and systolic blood pressure in Milan hypertensive strain (MHS)
and normotensive (NR) rats0
No. of
rats
Body wt
g
Total
kidney wt Heart wt
Left
ventricular wt
No. of
glomeruli
(2 kidneys)
Systolic BP
mm HggIIOO g of body wt
Group 1
MHS 9 69 2 1.06 0.03 0.44 0.01 0.34 0.01 57,969 2,887 120 2P NS MS NS NS NS
NR 11 69 1 1.11 0.03 0.41 0.01 0.31 0.01 54,996 3,287 116 4
MHS 5 102 2 0.87 0.03
Group 2
0.36 0.01 0.28 0.01 54,523 1,124 140 6
P <0.02 NS NS NS <0.05
NR 6 103 4 0.99 0.03 0.35 0.04 0.27 0.01 61,328 4,280 128 3
MHS 9 215 4 0.77 0.02
Group 3
0.31 0.01 0.247 0.007 55,253 2,821 171 1
P <0.001 NS < 0.02 <0.05 <0.001
NR 6 209 3 0.90 0.01 0.29 0.01 0.229 0.003 64,527 2,900 130 2
P values are for cornpansons within groups. All values are expressed as mean SEM.
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FIg. 1. Mean arterial blood pressure (MBP) and glomerularfiltra-
tjon rate of the left kidney per 100 g of body wt (GFR) and per total
glomeruli (GFR/NG). NS = no significant difference between
group mean values. p < 0.05; < 0.01; < 0.001.
Vertical bars indicate standard error of group mean values. Rats
were in hydropenic control condition.
total kidney weight relative to body weight; and the
total number of glomeruli in both kidneys. SBP was
not different in MHS and NR in the young rats of
group A, but became significantly higher in MHS
with age, reaching a maximum difference of +40 mm
Hg in adult MHS of group C. Total kidney weight
was lower in MHS at all three ages, but the differ-
ence was not statistically significant in group A. Left
ventricular weight was significantly greater in adult
MHS of group C. The difference in left ventricular
wtllOO g of body wt in rats weighing 200 g was slight;
when determined in rats weighing 300 to 350 g, this
difference was greater, values being 0.24 0.005 in
MHS vs. 0.21 0.004 g/100 g in NR, P <0.001. It
was also found that adult NR have a significantly
greater number of glomeruli than do adult MHS.
Table 1 also shows that the number of glomeruli in
NR increased progressively with age, and compari-
son of NR in group A with NR in group C showed
that the increase was significant (P < 0.05). This is in
clear contrast to the values found for the number of
glomeruli in MHS in the three groups, where no
significant change with increasing age was found.
Figure 1 shows the values measured during hydro-
penia for mean arterial blood pressure (MBP) and
whole-kidney glomerular filtration rate, expressed
per 100 g of body wt and per number of glomeruli.
MBP in groups B and C corresponded well with SBP
measured in the conscious animal, the average MBP
in group C being 30 mm Hg higher in MHS. In group
A, however, MHS were found to have MBP 15 mm
Hg higher than NR. This difference was not seen in
SBP prior to anesthesia. Despite this difference in
MBP, both GFR and GFRJNG were significantly
greater in NR than in MHS of group A. This higher
mean value tended to persist in group B, but the
difference in this group was not significant (0.1 <P
> 0.05). In the adult animals of group C, no differ-
ence was seen in GFR for the two strains, but GFRJ
NG was significantly higher in MHS due to the dif-
ference in number of glomeruli at this age.
Figure 2 shows average values for single super-
ficial nephron filtration rates, late proximal tubule
flow, and reabsorption measured during the clear-
ance periods corresponding to those in Figure 1.
Qualitatively, differences in SNFR were equal to
those seen in GFR'NG, the SNFR being significantly
greater in NR in group A and in MHS in group C, but
not different in group B. SNFR measured directly by
micropuncture was lower than GFRJNG in the basal
hydropenic condition in both strains at all ages. Cal-
culation of SNFR as a percentage of GFRING for
NR gave values of 67.9 10.8%, 56.8 5.7%, and
57 8.5% in groups A, B, and C. Corresponding
values for MHS were 64 6.7%, 71.2 13.5%, and
64.3 5.2%. Differences between NR and MHS for
this value were not significant in any of the groups,
but all were significantly different from 100% (P <
0.001). Late proximal flow and absolute reabsorption
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Fig. 2. Single nephron filtration rate (SNFR), late proximal tubu-
lar flow rate (LPF) and proximal tubular fluid reabsorption rate to
site of sampling (REAB), and tubular fluid-to-plasma mutest con-
centration ratio (TFIP1). Significance and standard error values
are calculated from individual values for each animal in group A
and from mean values for each rats in groups B and C. For other
symbols see Fig. 1. Rats were in hydropenic control condition.
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ments occurred spontaneously in most rats, ranging
in magnitude by approximately mm Hg around
the mean blood pressure value for each rat, but
pressure was stable during individual micropuncture
samplings. Figure 3 reveals that SNFR varied with
systemic blood pressure in MHS in all three groups.
Group A The regression line indicating a signficant relation
between pressure-filtration in group C NR was calcu-
lated for values which included those of three rats
anesthetized with pentobarbital alone. Both blood
pressure and SNFR of those rats were well above
those observed in NR anesthetized with the pento-
barbital-urethane mixture. Analysis of these data in
group C NR after exclusion of the pentobarbital-only
Group B rats, revealed no significant relation between pres-
sure and filtration for NR studied over the mean
arterial pressure range of 80 to 115 mm Hg, regres-
sion analysis giving the equation NR SNFR = 5.5 +
0.06 MAP, r = 0.21, P > 0.1. Covariance analysis of
the relation between MAP and SNFR shows a signif-
icant difference (P < 0.01) between the two strains
only in group A; that is, in young rats, for a given
level of blood pressure, SNFR is significantly lower
in MHS than in NR. (See the Discussion section for
the possible influence of the proximal collections,
used here to measure SNFR, on the relation between
blood pressure and SNFR).
As shown in Figure 4, saline-loading slightly in-
creased MBP and GFR in almost identical fashion in
both strains of groups A and B, so that the differ-
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Fig. 4. Mean arterial blood pressure (MBP), whole kidney GFR,
and GFR per number of glomeruli in hydropenia (CON) and after
isotonic saline expansion (EXP). Asterisks (see Fig. 1) refer to
comparison of MHS and NR mean values in the two conditions.
Milan hypertensive strain (MHS) is denoted by closed circles(S_s), and normotensive rats (NR) are denoted by open circles(o---o)
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Fig. 3. Relation between individual single nephron filtration(SNFR) rate values and mean arterial pressure (MBP) (sponta-
neous variation) during tubular fluid sampling. In the lower panel,
triangles indicate NR with elevated arterial pressure due to anes-
thesia with pentobarbital alone. The calculated lines of regression
with the statistical significance are the following: Group A. MHS:
y = —7.1 + O.14x (P <0.001); NR: y = —6.5 + 0.18x (P <0.1).
GroupB. MHS: y = —2.8 + 0.12x (P <0.1); NR: y = 9.3 — 0.Olx
(P <0.5). Group C. MHS: y = —3.2 + 0.15x (P < 0.001); NR: y
=
—5.4 + 0.18x (P <0.001).
to the site of sampling were significantly higher in
NR in group A and in MHS in group C; no differ-
ences were seen between the two strains in group B.
In group A, the calculations of SNFR were made
from both mean values for each rat (MHS = 6.3
0.8 vs. NR = 8.3 1.2 nI/mm; N = 16, t = 1.37, 0.2
<P > 0.1), and individual values for each rat (MHS
= 6.3 0.4 vs. NR = 8.6 0.6 nhlmin; N = 86, P <
0.01). Values are also given in Figure 2 for tubular
fluid/plasma mutest concentration ratios. No signifi-
cant differences in this ratio were seen between the
two strains in any of the groups. No significant differ-
ence was seen in the percentage of filtrate reab-
sorbed, as calculated from the TF/P ratio.
In Figure 3 is shown the relation between mean
arterial pressure and simultaneously measured
SNFR. Variations in pressure during the experi-
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Fig. 5. Single nephron filtration rate (SNFR), late proximal tubu-
lar flow rate LPF, and proximal fluid reabsorption rate to site of
sampling, and proximal tubular fluid-to-plasma mutest concentra-
tion ratio in hvdropenic (CON) and volume-expanded (EXP) con-
ditions. Symbols are the same as in Fig. 1, 2, and 4. Milan
hypertensive strain (MHS) is denoted by closed circles (S— S)
and normotensive rats (NR), by open circles (0 - - - 0).
ences seen in basal conditions were maintained after
loading. In group C, however, average MBP of MHS
fell slightly, while that of NR increased, and the
difference between the two strains was no longer
signfficant. GFR in these MHS failed to increase
after loading, perhaps as a result of the fall in MBP,
and the significantly greater GFRJNG seen in basal
determinations was not found after volume expan-
sion. Values from micropuncture sampling during
expansion are shown in Figure 5. In group A, SNFR
and reabsorption in MHS increased slightly more
than in NR, and there was no significant difference in
these values after loading. LPF remained slightly,
but significantly, higher in NR. In group C, in both
strains, superficial SNFR increased to a much
greater extent than did whole-kidney GFR. As a
result of the relatively greater increase seen in NR,
no significant difference in SNFR was seen between
the two strains after loading. Since proximal reab-
sorption in MHS failed to increase as much as in NR,
LPF after loading remained significantly greater in
MHS. Following loading, the SNFR, expressed as a
percentage of GFRJNG, increased to 77.9 12.9%
and 74.5 11.0% in MHS and NR, respectively, in
group A. In group B, these values were 80.9 4.6%
(MHS) and 82.6 10.4% (NR). In group C, these
values were 96.5 5.0% and 101.7 4.4% in MHS
and NR. Differences between MHS and NR were
not significant in any group; in group C, the values
were not different from 100% (P > 0.1), but were
significantly greater than values for groups A and B
(P < 0.05). Differences between groups A and B
were not significant (P > 0.1).
Hydrostatic pressure measurements. In Table 2
are shown mean values in the three groups of rats for
plasma protein concentration (Sa), hematocrit (Hct),
GFR urine flow rate (V), number of glomeruli (NG),
and SNFR measured from GFRJNG of the micro-
punctured left kidney. Mean Sa values were higher in
MHS than in NR in all three groups. This difference
tended to diminish slightly with age and did not quite
reach statistical significance in the rats weighing 200
g. Sa increased with increasing age and body weight
in both NR and MHS. Hematocrit was significantly
lower in MHS than in NR at 65 g of body wt, but not
different thereafter; Hct in both strains increased
with age. Urine flow rate in the 65-g rats was signifi-
cantly greater in MHS than in NR but not different in
older rats. GFR was found to be lower in 65-g MHS
and higher in 200-g MHS than in corresponding NR
controls. The measurements of GFR in the present
experiments show a greater variability than in the
previous ones; in fact, the comparisons of the differ-
ences between MHS and NR yielded a probability
level of borderline statistical significance (the exact
values being 0.05 < P < 0.06). To better analyze
these results, especially to compare them with the
previous ones, the 2 x 2 factorial analysis was used
since both MHS and NR groups were subdivided
into two subgroups on which micropuncture and
micropressure experiments, respectively, were per-
formed. The inhomogeneity of the experimental
groups was corrected by multiple regression analysis
using indicator variables to codify for factor levels.
The t values obtained and their probability levels for
the statistical comparisons between groups (MHS
vs. NR), within groups (micropuncture vs. micro-
pressure) and for treatment interaction were t 2.916
P < 0.01, t 1.12 P > 0.1, and t 0.475 P > 0.1,
respectively. Treatment interaction refers to the
comparison of the differences in GFR between MHS
and NR observed in the micropuncture and the mi-
cropressure experiments, respectively. From this
analysis, it is clear that it is possible to pool the data
of the two experiments and that the significant differ-
ence of GFR between MHS and NR seen in the
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Table 2. Comparison of hydrostatic pressure measurements in Milan hypertensive strain (MHS) and normotensive rats (NR) before and
after development of hypertensiona
Urine flow
rate (left GFR (left No. of Plasma
kidney) kidney) glomeruli per GFRJNGh protein
No. of Body wt pJ/min .J3IJ mI/mm 100 g left kidney ni/mm 100 g concentration Hct
observations g g body wt body wt (NO) body wt g/100 ml %
MHS 9 66 1 3.2 0.4
Group A
0.41 0.04 28211 642 14.6 1.5 4.6 0.2 34.3 1.2
P NS < 0.05 > 0.05 < 0.1 NS > 0.05 < 0.1 <0.05 < 0.01
NR 9 67 1 2.25 0.25 0.58 0.07 29409 1044 20.2 2.7 4.1 0.1 38.4 0.6
MHS 7 84 1 2.91 0.33
Group B
0.60 0.04 25767 934 23.6 1.5 4.9 0.1 41.0 I
P NS NS NS <0.05 NS <0.001 NS
NR 7 85 1 2.29 0.17 0.58 0.07 28500 1032 21.0 3.0 4.2 0.1 40.0 0.3
MHS 9 212 7 2.90 0.47
Group C
0.58 0.06 27800 1025 21.2 2.4 5.4 0.2 47.0 0.7
P NS NS >0.05<0.1 <0.05 <0.01 >0.05<0.1 NS
NR 9 207 8 1.97 0.28 0.43 0.05 31008 1168 14.1 1.9 5.0 0.2 47.0 0.6
a Values are expressed as mean SEM. Values for P represent comparison of MHS and NR within the three groups.
b GFRJNG represents the whole kidney GFR divided by the number of glomeruli.
micropuncture experiments is not statistically differ-
ent from that seen in the micropressure experiments.
When data from this set of experiments were pooled
with those from the micropuncture experiments,
mean values for 65-g MHS and NR were 0.40 0.03
and 0.541 0.04 mI/minIlOO g of body wt (P <0.01).
In contrast, the difference in GFR in 200-g MHS and
NR found in the present set of experiments is not
seen when the data of the two sets of experiments
(micropuncture and micropressure) are pooled
(0.468 0.04 in MHS, and 0.385 0.03 [mI/min!100
g of body wt] in NR [P > 0.11).
NR had a higher mean number of glomeruli than
MHS in all three groups; the difference was signifi-
cant in the 85-g and the 200-g animals. As in the
previous set of experiments, NG showed a slight
increase with age in NR but not in MHS. GFR/NG
was found to be lower in 65-g MHS, even though the
difference was not statistically significant (P < 0.1).
When the values of the two sets of experiments were
combined, the difference became significant (P <
0.01). In 200-g rats, GFR!NG was higher in MHS.
Hydrostatic pressure measured directly in the proxi-
mal tubule and star formations (end-efferent arteri-
ole) is shown in Table 3, along with MAP measured
in the carotid artery during renal micropuncture and
SBP measured in the tail on the day prior to the
experiment. A good correspondence was seen be-
tween average values for SBP in conscious animals
and MAP in anesthetized ones, in both 85-g and 200-
g animals. In the 65-g BW animals, in contrast, MAP
in anesthetized MHS was 16 mm Hg higher than in
Table 3. Intrarenal and arterial hydrostatic pressures measured in Milan hypertensive Strain (MHS) and normotensive rats (NR) at three
agesa
No. of
animals
Body wt
g
SBP
mm Hg
MAP
mm Hg
PSF
mm Hg
VFP
mm Hg
STAR
mm Hg
Group A
MHS 9 66 119 2 106 3 38.4 0.9 15.8 0.5 12.1 0.5
P NS <0.001 <0.05 NS NS
NR 9 67 115 2 90 3 35.7 1.1 15.0 0.6 13.1 0.9
MHS 7 84 135 6
Group B
119 4 35.8 0.5 14.8 0.5 15.8 1.5
P >0.05< 0.1 <0.02 NS NS NS
NR 7 85 125 4 102 3 34.9 1.0 14.5 0.3 16.0 0.2
MHS 9 212 172 3
Group C
143 2 40.9 0.6 15.0 0.4 28.3 1.5
P <0.001 <0.001 <0.001 NS <0.001
NR 9 207 131 2 112 3 36.0 0.9 15.9 0.3 17.9 0.6
a Abbreviations used are SBP = systolic blood pressure measured at the tail one day prior to experiment, MAP = mean systemic arterial
blood pressure; PSF = proximal tubular stopped-flow pressure; FTP = proximal tubular free-flow pressure; STAR = end-efferent artenolar
pressure.
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Table 4. Calculated values in Milan hypertensive strain (MHS) and normotensive rats (NR) of hydrostatic pressuresa
MAP GP
mm Hg
x 100
MAP
STAR P
< 100MAP
STAR P
X 100GP mm Hg
PTP + ira
mm Hg
EFPA
mmHg
MHS 106 3 52.1 1.2 49.2 1.8
Group A
11.4 0.6 23.3 1.41 14.0 0.9 29.1 1.0 23.0 0.9
P <0.001 <0.01 N.S. <0.01 <0.05 < 0.05 < 0.05 <0.05
NR 90 3 46.9 1.1 53.2 1.8 14.8 0.9 28.7 1.7 11.8 0.3 26.8 0.6 20.1 0.9
MHS 119 4 51.1 0.9 43.5 2.3
Group B
13.6 1.8 30.9 2.7 15.3 0.5 30.1 0.8 21.0 0.8
P <0.02 <0.01 N.S. N.S. N.S. <0.001 <0.01 N.S.
NR 102 3 47.0 1.0 46.3 2.0 16.0 2.3 34.2 4.4 12.2 0.3 26.7 0.6 20.3 1.1
MHS 143 2 58.8 0.6 40.8 3.7
Group C
19.9 1.3 48.2 2.8 17.9 0.6 32.9 0.7 25.9 0.6
P <0.001 <0.01 <0.01 <0.05 < 0.001 N.S. N.S. <0.001
NR 112 3 52.1 1.7 46.6 1.4 16.0 0.6 34.7 1.8 16.2 1.0 32.0 1.2 20.1 0.9
Abbreviations used are: MAP = mean arterial pressure; ITa = plasma colloid oncotic pressure; GP (glomerular capillary pressure) = PSF
+ ira; EFTA (afferent effective filtration pressure) = GP — (PTP + ira); STAR P = star formation pressure.
NR, while SBP measurement in conscious animals
revealed only a non-significant difference of 4 mm
Hg.
PTP measured under free-flow conditions showed
neither significant difference between MHS and NR in
any of the three groups, nor between young and adult
animals. PSF, in contrast, was higher in MHS than in
NR in all three groups, and the difference was statis-
tically significant in 65-g and 200-g animals. Efferent
arteriolar (star formation) pressure was not signifi-
cantly different in MHS and NR in 65-g and 85-g
animals, but it was significantly higher in adult MHS
compared to adult NR.
Values presented in Table 4 are calculated from
directly measured hydrostatic pressures (as de-
scribed in the Methods section). Plasma colloid on-
cotic pressure (estimated from plasma protein con-
centrations) was higher in MHS than in NR in all
three groups, although the difference was not signifi-
cant in groups C rats.
Glomerular capillary pressure was found to be
significantly greater in MHS than in NR in all groups.
The arterial pressure differences between MHS and
NR transmitted to the glomerular capillary were 32,
24, and 22% in groups A, B, and C. Figure 6 illus-
trates the relationship between MAP and GP for
MHS and NR at the three body weights. In both
MHS and NR, the correlation between MAP and GP
was highly significant, P <0.01 for r and F values in
both strains. No significant difference was found
between the two strains, either in the slope of the
MAP-GP relationship or in the y-intercept of the
calculated regression lines. The assumptions in-
volved in the measurement of GP by the stop-flow
pressure technique are discussed in the Methods
section. In both MHS and NR, there was a progres-
sive increase in the pressure drops along the pre-
glomerular vessels, with the increase in age, and this
drop was greater in MHS than in NR, both in abso-
lute (MAP-GP) and in relative x
ioo)
terms. The difference became significant (P <0.01)
in 200-g rats. On the other hand, the relative pressure
drops in the post-glomerular vessels (at least, be-
tween the glomenilus and the star formation) went in
the opposite direction. That is, they decreased with
the increase in age, as indicated by the ratios of star
pressure to MAP or of star pressure to GP. This
trend was more pronounced in MHS than in NR, and
in 200-g rats the difference between the two strains
was statistically significant (P < 0.00 1). The greater
70
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Fig. 6. Relationship between mean arterial pressure (MAP) and
glomerular capillary hydrostatic pressure (GP) in the three groups
of Milan hypertensive strain (MHS) and normotensive rats (NR)
studied. Group A: young (66 to 67 g of body wt) MHS (.) and NR
(0); group B: young (84 to 85 g of body wt) MHS (A) and NR();
group C: adult (207 to 212 g of body wt) MHS (U) and NR (Li]). The
calculated lines of regression with the statistical significance are
the following: NR, y = 28 + 0.21x, P < 0.01; MHS, y = 36 +
0.14x, P <0.01; NR + MHS, y = 30 + 0.19x, P < 0.001.
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GP in MHS was sufficiently greater than it was in NR
to off-set the difference in PTP + Ta, so that the
calculated EFPA was greater in MHS than in NR in
all three groups, and the difference was significant in
65-g and 200-g rats.
Discussion
The values reported here for SNFR for rats in
groups A and B are similar to those found by others
in 55- to l00-g rats [23—25]. In contrast, for group C
rats (200 g in body wt), we found values for SNFR
considerably below the range of 25 to 40 nI/mm
usually reported for adult, hydropenic rats [261. Age,
hydration, genetic factors, and methodology [26—27]
have been shown to contribute to differences be-
tween SNFR values reported by different laborato-
ries and may have influenced our findings as well.
The following two considerations tend to exclude
technical artifacts: 1) The superficial SNFR after
loading, expressed as a percentage of GFR/NG, was
96.5 4.6 and 101.7 4.4 in MHS and NR of group
C. 2) Sampling methodology was the same for the
three groups but a discrepancy from the values of the
literature occurs only with the measurements for
group C. However, the disproportionate increase of
SNFR in respect to whole kidney GFR after loading
(at least in MHS) might also be in keeping with the
existence of some degree of outer cortical ischemia
in hydropenia causing a relative fall in the superficial
SNFR that may have been relieved during expan-
sion. The following additional considerations may
also be pertinent. In group C, during hydropenia,
mean superficial SNFR was 57 8.5 of GFR/NG in
NR and 64.3 5.2% in MHS, and these percentages
may appear to be lower than the values reported in
the literature for adult animals. The body weight of
group C rats, however, was approximately 200 g,
which is to say that these animals can not be consid-
ered fully mature. As has been discussed in a recent
review on this topic [28], at this body weight the
value of the ratio superficial-SNFR-to-juxtamedul-
lary-SNFR may be still much lower than the values
found in fully mature animals.
Anesthesia might also have the same influence on
these results, since data obtained in three rats anes-
thetized with pentobarbital alone (shown in Fig. 3)
are definitely higher (that is, in the range of the
values described in the literature) than the values
obtained with the urethane-pentobarbital mixture.
The higher blood pressure levels seen during pento-
barbital anesthesia may explain the differences in
SNFR. Finally, measurements of superficial SNFR
determined by collecting fluid from the proximal tu-
bule can be criticized because of the activation of the
tuhuloglomerular feedback system (27, 29, 30—32),
even though other investigators [33, 34] failed to see
any difference in SNFR between proximal and distal
collections. Recently, it has been shown that the
activation of the feedback system depends on daily
sodium consumption [35]. In fact, it is activated at 2
mEq of sodium per day—not at 6 mEq/day. In our
rats, the daily sodium intake ranged between 4 and 5
mEq/day—therefore, the possibility that in our ex-
perimental conditions proximal collections may have
had some influence on SNFR can not be entirely
excluded.
Comparison of values for proximal tubular free-
flow hydrostatic pressure in the present work with
values reported in the literature reveals that the aver-
age value of approximately 15 mm Hg, which we
report, is 2 to 4 mm Hg higher than that commonly
found by others [12, 17, 181. We evaluated the possi-
bility that the relatively high concentration of plasma
mutest, (1 mg/mi) might be sufficient to act as an
osmotic diuretic and, therefore, raise PIP [361. Two
MHS and two NR were prepared for micropressure
measurements, as described in the Methods section,
except that they were infused initially with isotonic
saline rather than mutest, using the same volumes
for prime and maintenance infusion as described for
mutest. After 30 mm's infusion, PTP was measured
in six to eight proximal tubules. Following this, the
infusion solution was changed to one containing 80
mg/mi mutest in isotonic saline, and the animal re-
ceived prime and maintenance infusions sufficient to
establish a plasma concentration of mutest of ap-
proximately 1 mg'ml. PTP was measured again at 10,
30, and 45 mm after the initiation of mutest infusion,
in different tubules each time. The results of this
evaluation (Table 5) show that in all four rats studied,
PIP increased by approximately 2 mm Hg, an
amount sufficient to account for the difference be-
tween VIP values reported here and those in the
literature. The extent to which this slight increase in
PIP might have reduced filtration rate is not known.
As the overall aim of our work on two strains of rat
derived from the same stock colony is to discover
Table 5. Effect of mutest on proximal tubular hydrostatic
pressures (FTP)
VIPa before PTP5 after
Rat wt and
mutest
mm Hg
mutest (30 mm)
mm 'g Difference(PI'P — VrPa)
strain Range Mean Range Mean mm Hg
85-g NR 12 to 16 13.6 12 to 17 14.5 + 0.9
85-gMHS 12to14 13.0 13to18 15.1 +2.1
75-g NR 12 to 14 12.8 14 to 16 15.3 + 2.5
115-gMHS lOto 16 14.0 l4to 18 16.0 + 2.0
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why one becomes hypertensive and the other re-
mains normotensive, the most important require-
ment from the technical and methodologic view-
points was to measure the different factors in the two
strains under the same experimental conditions. In
fact, this was the procedure followed to obtain the
results described here, and the remainder of the
discussion will be primarily based on the difference
between the two strains.
The main difference of MHS with respect to NR of
similar age found in the present study may be sum-
marized as follows: 1) Superficial SNFR and LPF
were lower in pre-hypertensive MHS (group A), be-
came almost equal in young hypertensive MHS
(group B), and were higher in older hypertensive
MHS (group C). This pattern of changes was also
seen when SNFR was measured as GFRING. 2) NG
were equal in young animals (groups A and B) and
lower in MHS of group C. This accounts for the
lower GFR in MHS of group A and the similar GFR
in group C. 3) For a given MAP, SNFR was lower in
MHS of group A but was equal in both strains of
groups B and C. 4) Saline-loading increased the
superficial SNFR to a greater degree than GFR!NG
in both strains, and, in group C, these two parame-
ters became almost equal. Moreover, the differences
in superficial SNFR between the two strains seen in
hydropenia disappeared after the saline load, while
the lower GFR of 65-g MHS was maintained. 5) The
higher mean aortic pressure of MHS was transmitted
in all groups to the glomerulus and, in group C only,
to the star formation. (The percentage of pressure-
drops between aorta and glomerulus and between
glomerulus and star formation went in opposite di-
rections with the increase in age: the percentage
increased between aorta and glomerulus; it de-
creased between glomerulus and star formation.
Both trends were more pronounced in MHS than in
NR, so that in 200-g rats (group C) the differences
between the two strains were statistically signifi-
cant). 6) The calculated afferent effective filtration
pressure was slightly higher in MHS of group A and
definitely higher in MHS of group C, suggesting that
the lower SNFR of young MHS may be due either to
a lower glomerular hydraulic conductivity or a lower
glomerular surface area or both, even though glomer-
ular plasma flow data would be needed to confirm
this suggestion.
Four of our previously published findings are rele-
vant in discussing the present results: 1) Hyperten-
sion goes with the kidney when cross-transplantation
experiments are carried out between MHS and NR
[3—51. 2) Before the development of the blood pres-
sure difference (pre-hypertensive MHS or group A of
the present study), MHS have a higher rate of water
turnover and a lower concentration of plasma renin
than do NR. Both differences tend to disappear as
hypertension develops in MHS [6, 71. 3) During the
development of hypertension, MHS retain a signifi-
cantly greater amount of sodium than NR, due to a
lower urinary excretion [61. 4) Whole kidney GFR is
lower in the pre-hypertensive MHS, and equal in
adult MHS, when compared to NR of the same age.
Moreover, the number of nephrons per kidney is
equal in young MHS and NR, but lower in adult
MHS [81.
Based on points 1, 2, and 3, we postulated in 1973
[7] that young MHS, when compared to NR of the
same age, might have a genetically determined in-
crease in pretubular resistance or proximal tubular
reabsorption, causing, on the one hand, sodium and
water retention, hence hypertension, and, on the
other hand, a lower delivery to the distal nephron (as
a possible explanation of the differences in rate of
water turnover and in concentration of plasma
renin). The subsequent development of hypertension
in MHS might then correct the defect, normalizing
the filtration rate or the proximal tubular reabsorp-
tion and the delivery to the distal nephron (see Ref.
6—8). When the measurements of whole kidney GFR
and of the numbers of nephrons became available
(point 4), it was clear that the most likely defect is an
increase in pretubular resistance. The term "pretu-
bular resistance" was used to include all the factors
opposing glomerular ultrafiltration, and, obviously, it
is deliberately imprecise. Some of the present find-
ings are in keeping with the hypothesis put forward
four years ago (based on quite independent and dif-
ferent experimental observations). In fact, as com-
pared to NR, the SNFR and the late proximal flow
(or the delivery to the loop of Henle) of MHS are
lower in the pre-hypertensive age but are higher in
adult age, the latter difference being necessary to
achieve a whole kidney GFR in MHS equal to that in
NR with fewer nephrons. The finding that for a given
MAP there is a lower SNFR in MHS than in NR
suggests that 'pretubular resistance" is higher in
young MHS, even though measurements of nephron
plasma flow are needed to confirm this suggestion.
Other observations in the present work may seem
to contrast with this hypothesis. First, the disappear-
ance of the difference in GFR or SNFR occurs simul-
taneously with a modest rise of SBP in MHS. Sec-
ond, blood pressure continues to rise in MHS even
after GFR has become equal in the two strains, as is
evident from comparison of groups B and C. The
first observation may be explained by postulating
that the slightly greater rise in blood pressure in
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MHS during the five to eight days of age separating
rats of groups A and B is transmitted to the glomeru-
lus and may be sufficient to increase glomerular
volume and surface area in the critical range where
the relation between filtration coefficient and SNFR
is almost linear [371. This mechanism would not
operate after adult filtration-fraction levels are
reached, since above a critical value, further in-
creases in filtration coefficient do not alter SNFR.
The second observation, that of the continuing rise in
pressure from group B to C despite an almost equal
GFR in l00-g rats, may be linked to the gradual
development of the lower number of glomeruli,
which begins to be seen above 100 g in body weight.
In fact, the rise of GFRING in MHS is such that total
GFR is similar in adult MHS and NR. The lower
panel in Figure 3 shows clearly that SNFR in MHS
and NR are equal at equal blood pressures; in adult
rats, equality of SNFR implies lower GFR in MHS
since the number of glomeruli is fewer.
A redistribution of SNFR towards superficial
nephrons in both strains has already been reported in
rats after saline infusion [38, 39] or high dietary salt
intake [24, 40], even though others (4 1—43) failed to
find a significant redistribution. Clearly the issue has
not yet been resolved [281. However, besides the
possible influence of methodologic differences, all
the investigators [24, 38—40] who found a redistribu-
tion of SNFR used relatively younger rats (of an age
much more similar to that of our rats) than those [41—
43] who did not find it. Either an age factor [44] or
the rate of urinary flow [45] may be involved in the
differences in this response. The redistribution to-
ward the superficial nephrons was such as to cause
the disappearance of the differences in SNFR be-
tween MHS and NR, but the fundamental difference,
that is the lower GFR in 65-g MHS, was maintained
after infusion. Unfortunately, sodium balance data
were not obtained in the present rats, but there is no
reason to believe that they were any different from
those previously and extensively studied. Estimation
of hydrostatic pressure in different portions of the
renal vasculature in various stages of development of
genetic hypertension, however, allows us to evaluate
the hypothesis that high blood pressure in MHS,
resulting from retention of sodium and water due to
reduced filtration rate, may compensate the factor
causing the reduction in GFR by increasing glomeru-
lar capillary pressure. According to this hypothesis,
we would predict that GP should be equal in the two
strains at the pre-hypertensive stage when GFR is
reduced in MHS, and that it becomes higher in adult
MHS when the difference in GFR no longer exists.
Examination of the experimental data in Table 3
reveals findings that seem to be apparently in disa-
greement with these hypothetical predictions. In
fact, young MHS with a lower GFR already have a
higher GP, compared to NR. (The significance of the
difference in GFR found in the micropressure experi-
ments was borderline but in agreement with previous
studies [8] and micropuncture experiments where a
lower variability produced a statistically significant
difference and which have been shown to be homo-
geneous with the data of the rnicropressure experi-
ment by the 2 x 2 factorial analysis.) At the hyper-
tensive stage, the GP difference between MHS and
NR is slightly greater than in young rats, but MHS at
this stage also have a significantly greater GFR/NG.
Since, however, the difference in GP in young rats
was found in association with a significantly higher
MAP in MHS, this latter difference not being found
in conscious rats of this age, it seems reasonable to
suggest that GP would be also not different in young
MHS and NR if determined in conscious animals.
Systemic blood pressure in anesthetized adult rats
corresponds to that in conscious rats to a greater
degree than it does in young rats; therefore, the
difference in GP found in anesthetized adults proba-
bly is a more valid estimation of the relationship in
conscious rats. Assuming that these considerations
are valid, and looking at the relation between MAP
and GP shown in Figure 6, it is reasonable to con-
clude that there is a progressive rise in GP as MAP
increases, both in NR and MHS, and that in absolute
terms, the rise in GP in MHS is greater because the
rise in MAP is greater. This greater rise in GP in
MHS may contribute to the increased GFRING
found in adults. The fall in pressure from aorta to
glomerulus increased with age to a greater extent in
MHS than in NR, in association with development of
hypertension. This observation is in keeping with the
supposition [46] that progressive elevation of blood
pressure produces progressive structural modifica-
tions in pre-capillary blood vessels, so that both
minimal and maximal resistance to flow is increased.
Such changes, occuning in MHS, would tend both to
shield the glomerular capillary from increases in sys-
temic blood pressure and to incur a further blood
pressure increase.
We reported previously [61 that extracellular fluid
volume (ECFV) is equal in MHS and NR, both in
young and adult rats. However, estimation of blood
volume, carried out with the Evan's blue method in
our laboratory, showed that MHS have significantly
higher plasma volumes (PV) and blood volumes (BV)
than do NR (unpublished data); that is, MHS have
higher PV/ECFV and BV/ECFV. As shown in Table
2, plasma protein concentration is higher in MHS.
All these observations, taken with a probable reduc-
tion in glomerular filtration coefficient (as suggested
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by the measurements of EFPA and SNFR), are con-
sistent with the hypothesis of a lower capillary
permeability in MRS.
Since we have observed that MHS hypertension is
transmitted to MR by kidney transplantation, the
recently suggested kidney factor affecting the PV/
ECFV and BV/ECFV ratios [47, 48] might be in-
volved in this model. A lower capillary permeability
in MHS would favor an intravascular distribution of
fluid retained by the MHS kidney. This would pro-
duce, for a given reduction in GFR, a relatively
greater rise in blood pressure in MHS than in other
experimental glomerular disease models [49].
In summary, taking into consideration the previ-
ously discussed provisos (the two most important
being the lack of measurements in the present rats
for sodium balance and renal plasma flow), we sug-
gest the following as a hypothetical sequence of
events leading to hypertension in MHS: A primary
defect in glomerular development leads to a reduc-
tion in SNFR (probably due to a lower glomerular
hydraulic conductivity and/or surface area) and GFR
in young MHS, and to a lower number of glomeruli
in adult MHS. Both mechanisms cause salt and
water retention and produce the initial rise in blood
pressure. This initial rise in blood pressure, in part,
compensates for lower kidney function, but in addi-
tion, it may trigger the structural autoregulatory re-
sponse of the pre-capillary resistance vessels, thus
contributing, together with the relatively higher in-
travascular distribution of the fluid retained by the
kidney, to a further rise in blood pressure. This
sequence of events might explain the failure to find
significant abnormalities in kidney function in
patients with mild or moderate "essential"
hypertension.
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